Abstract. The proper handling of temporal process constraints is crucial in many application domains. Contemporary process-aware information systems (PAIS), however, lack a sophisticated support of timeaware processes. As a particular challenge, the execution of time-aware processes needs to be flexible as time can neither be slowed down nor stopped. Hence, it should be possible to dynamically adapt time-aware process instances to cope with unforeseen events. In turn, when applying such dynamic changes, it must be re-ensured that the resulting process instances are temporally consistent; i.e., they still can be completed without violating any of their temporal constraints. This paper presents the ATAPIS framework which extends well established process change operations with temporal constraints. In particular, it provides pre-and post-conditions for these operations that guarantee for the temporal consistency of the changed process instances. Furthermore, we analyze the effects a change has on the temporal properties of a process instance. In this context, we provide a means to significantly reduce the complexity when applying multiple change operations. Respective optimizations will be crucial to properly support the temporal perspective in adaptive PAIS.
Introduction
Time is a crucial factor regarding the proper support of business processes [10] . Moreover, in many application areas (e.g., patient treatment, automotive engineering), the handling of temporal constraints is vital in order to successfully execute and complete processes [3, 4, 10] . However, contemporary process-aware information systems (PAIS) lack a comprehensive support of such time-aware processes [10] . To remedy this drawback, the proper integration of temporal constraints with both the design and run-time components of a PAIS has been identified as a key challenge [3, 4, 7] . Our ATAPIS framework aims to provide comprehensive support for the specification, execution and monitoring of timeaware processes in adaptive PAIS.
As a prerequisite for robust process execution in PAISs, the executable process models must be sound [12] . Moreover, in the context of time-aware process models, i.e., process models enriched with temporal constraints, the consistency of the A more complete and formally rigor version of this work is described in a technical report [8] .
temporal constraints must be ensured [1, 4, 7] . Checking consistency of time-aware process models at design time has been extensively studied in literature [1, 3, 5] . By contrast, only little attention has been paid to the proper run-time support of time-aware processes [7] . During run time, the temporal consistency of process instances needs to be continuously monitored and re-checked to avoid constraint violations. Particularly, note that activity durations and deadlines are specific to the executed process instance and only become known at run time [7] .
As a particular challenge, temporal constraints cannot be considered in isolation, but might interact with each other. Hence, complex algorithms are required for checking the temporal consistency of a process model [7, 15] . At run time, however, respective calculations should be reduced to a minimum to ensure scalability of the PAIS [7] . Otherwise, no run-time support of time-aware processes will be possible at the presence of a large number of process instances.
As another challenge, time can neither be slowed down nor stopped. Accordingly, time-aware processes need to be flexible to cope with unforeseen events or delays during run time [14] . For example, it is common that deadlines are re-scheduled or temporal constraints are dynamically modified in order to successfully complete a process instance being in trouble. Moreover, in certain scenarios the instances of time-aware processes must be structurally changed (e.g., by moving, deleting or inserting activities) to be able to meet a particular deadline. In the context of such dynamic process changes, we must re-ensure that the resulting process instances are sound and temporally consistent. While soundness has been extensively studied in literature [13, 12] , this work shows how temporal consistency of a time-aware process instance can be efficiently ensured in the context of dynamic changes. Furthermore, we analyse the effects, changes have on the temporal constraints of the respective process instance. In particular, we show how the results of this analysis can be utilized to significantly reduce the complexity when applying multiple change operations. For example, the latter becomes crucial in the context of process evolution, where a possibly large set of process instances needs to be migrated on-the-fly to a changed process model [12] .
The remainder of the paper is organized as follows: Sect. 2 considers existing proposals relevant for our work. Sect. 3 provides background information on time-aware processes and defines the notion of temporal consistency. Sect. 4 first introduces the set of change operations we consider, followed by an in-depth discussion on how these change operations work in the context of time-aware processes. Sect. 5 analyzes the impact a change has on the temporal constraints of a process and proposes useful optimizations. Sect. 6 evaluates the proposed approach. Finally, Sect. 7 concludes with a summary and outlook.
Related Work
In literature, there exists considerable work on managing temporal constraints for business processes [1, 3, 5, 7, 11] . The focus of these approaches is on design-time issues like the modeling and verification of time-aware processes. By contrast, only
